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and 487 loci that have been directly implicated in human disease 2 . The q arm of chromosome 12 contains one of the largest blocks of linkage disequilibrium found in the human genome 3 . Here we present the finished sequence of human chromosome 12, which has been finished to high quality and spans approximately 132 megabases, representing ,4.5% of the human genome. Alignment of the human chromosome 12 sequence across vertebrates reveals the origin of individual segments in chicken, and a unique history of rearrangement through rodent and primate lineages. The rate of base substitutions in recent evolutionary history shows an overall slowing in hominids compared with primates and rodents.
Among the human chromosome sequencing projects, the chromosome 12 sequencing effort benefited most from an earlier advanced sequence tagged site (STS) physical map, which contained 5,300 large-insert clones and 3,100 markers with an average resolution of 44 kilobases (kb) 4 . After integration with the whole genome fingerprint map 5 , a final tiling path of 1,168 large-insert clones was chosen for sequencing using the clone-by-clone shotgun sequencing strategy. Each clone was finished to community standards (http:// www.genome.gov/10001812) yielding 130,683,379 base pairs (bp) of nonoverlapping sequence, independently measured as greater than 99.99% accurate 6 . The features and annotations presented here may be viewed as user-specified tracks within the Genboree genome browser (http://www.genboree.org/Hs.chr12).
The finished sequence contains just five euchromatic gaps, estimated to total 380 kb by fibre fluorescence in situ hybridization (FISH) (C. Wagner-McPherson, personal communication) and by comparison to primate and rodent genome assemblies (Supplementary Table 1 ). The data extend to 16 and 60 kb from the telomere terminus repeats at the p and q arms, respectively (H. Riethman, personal communication; http://www.wistar.upenn.edu/Riethman/) 7 . The pericentromeric sequences on the p and q arms contain approximately 425 and 600 kb of tandem alpha-satellite repeats, respectively. The alpha satellites do not demonstrate the higher-order structure indicative of the 'core centromere' on either arm, but previously established markers 8 , which are present in BAC clones flanking the centromere, result in a calculated centromere length of 1.395 megabases (Mb) and an overall chromosome length of 132,449,811 bp.
Starting with an automated analysis of human build 33 using the Ensembl pipeline 9 , we manually annotated the chromosome 12 finished sequence using evidence from all publicly available protein and complementary DNA databases, as well as spliced expressed sequence tags (ESTs). We identified a further 282 gene structures beyond the automated output, resulting in a total of 1,435 loci. Using annotation standards developed by the Human Annotation Workshop (http://www.sanger.ac.uk/HGP/havana/hawk.shtml), the loci were categorized as 1,294 'known genes' , 12 'novel coding sequences (CDS)', 34 'novel transcripts', 2 'putative genes' and 93 'pseudogenes' .
We found 4,427 paralogous pairings to genes on chromosome 12, of which 528 were intrachromosomal. Notably, the density of paralogues correlates well with the density of SINEs (short interspersed elements) and breakpoints observed between the human chromosome and its syntenic regions in avian, rodent and canine genomes (see Fig. 1 ). Excluding pseudogenes, the average gene density on chromosome 12 is 11.0 genes per Mb, which is relatively typical when compared to the gene densities of other chromosomes. A total of just 11 out of 1,264 RefSeq genes 1 are completely or partially absent from genome build 33, while there are only three partially missing genes (NM_001733, C1R; NM_018711, SVOP; and NM_020993, BCL7A) from build 35.
Approximately 58.3% of chromosome 12 genes expressed alternative transcripts, averaging 2.89 transcripts per gene, but ranging as high as 20 (for UBC). The majority of these produced altered protein products (2,923 different proteins from among 3,148 alternative transcripts). There were at least 677 partial transcripts, based primarily on spliced EST data, for which we could not identify the complete coding sequence. Therefore, these estimates represent a lower bound on the total alternative splicing activity on the chromosome.
The density of genes across chromosome 12 varies quite widely The density of recent segmental intra-and interchromosomal duplications from low-copy repeats are shown in tracks 6 and 7, respectively. The incidence of major interspersed (high-copy) repeats is depicted in tracks 8 (LINEs), 9 (LTRs) and 10 (SINEs (see Fig. 1 ) and there are three large gene clusters: the natural killer cell gene cluster (9 genes) at 12p13.2-12p12.3, the type II keratin gene cluster (14 genes) at 12q13.13, and the homeobox C gene cluster (9 genes) at 12q13. There are also smaller clusters encoding the voltage-gated potassium channels (3 genes) at 12p13, the aquaporin gene cluster (3 genes) at 12q13.1, and a large cluster encoding salivary proline-rich proteins (7 genes) at 12p13.2. There are 993 segmental duplications (defined as having greater than 90% identity and being .1 kb), which accounts for 2.66% of the chromosome (versus 5.37% for the entire genome), with particular activity in the pericentromeric region of the p arm, and the telomeres. These duplicated regions represent the fraction of the genomic sequence that was most improved in the finishing process, and are a rich resource for the study of gene clusters and large-scale human DNA polymorphism. The chromosome is typical of the remainder of the genome with respect to noncoding RNA (Supplementary Table 2 ), LINE (long interspersed elements) and SINE distribution, CpG island distribution, and overall GþC content.
A comparison of physical and genetic maps revealed wide variation in recombination activity, with a slightly higher overall recombination rate in females as expected, and an average of 1.3 centimorgans (cM) per Mb (see Supplementary Fig. 1 ). There are, however, no extensive recombination 'deserts' or 'jungles' (with 'jungles' defined as having a recombination rate of .3 cM per Mb) as previously described 10 .
One exceptional region of 12q showed a very large block of linkage disequilibrium spanning 987 kb (compared with a chromosomal average of 26 kb) in all three continental populations assayed. This is one of the largest structures of its kind in the genome, and is associated with evidence for recent positive selection of a preexpansion ATXN2 gene CAG repeat allele in Americans of European ancestry 3 . The history of individual human chromosomes can be reconstructed by tracing blocks of conserved synteny across species, and there is sufficient conservation in the chicken genome (.300 million years (Myr) of evolutionary separation from humans) to identify 13 segments representing about 72% of human chromosome 12.
Reconstruction of a more recent ancestral mammalian genome shows a double reciprocal rearrangement between two ancient acrocentric chromosomes that were comprised primarily of material syntenic to chromosomes 12 and 22, leading to the current structure (Fig. 2) 11 . The rearrangement occurred in the anthropoid line sometime after the divergence of prosimians. While the chromosome has not undergone any major subsequent rearrangements, pericentric inversions have occurred independently in the chimpanzee and gorilla orthologues 12, 13 . Alignment to rodent chromosomes (.80 Myr evolutionary separation) shows that approximately 9 major rearrangements have occurred between human chromosome 12 and the hypothetical common ancestor with rat and mouse. The breakpoints identified between the human and rodent genomes are summarized in Fig. 1 . An unexpected feature is the pattern of increased activity at the ends of the chromosome, with a substantial portion of the proximal q arm relatively unaffected by gross rearrangement across mammals. The detailed examination of breakpoints between the available genome sequences does not suggest any obvious sequence features that correlate with the evolutionary change, and the pattern of breaks otherwise generally conforms to that predicted from the known evolutionary relationships. There is an observed increase in the number of intra-and interchromosomal duplications in the regions where breaks occur, but a full analysis awaits a comprehensive description of duplication in the nonhuman species, which are all currently at draft coverage.
There are innumerable 'small-scale' differences between regions of the rodent and human chromosomes with conserved synteny. The data presented here confirm earlier studies 14 showing that the rate of change of single base differences and small insertions was greater in the rodent than in hominid lineages, while the deletion rates were slightly lower. Several studies have attempted to correlate the frequency and distribution of these small-scale changes with other genome features. For example, the relative increase in insertions correlates with the active expansion of the overall size of human chromosomes, and a genome-wide burst of SINE insertions (mainly AluJ and AluS repeats) in the human lineage. Furthermore, the density of SINEs shows a modest positive correlation with the microinsertion rate (r ¼ 0.66), a strong negative correlation with the substitution rate (r ¼ 20.73), but no correlation with microdeletions. The SINE distribution correlations may be due to local GþC content, but the relationships are complicated. For example, GþC density shows modest-to-strong positive correlation with both SINEs and insertions. However, SINEs are known to prefer to insert in locally GþC-rich DNA, and this alone may govern the connection between GþC content and the other events. The human chromosomes have a lower GþC content than in rodents, leading to a generally lower rate of G or C gain substitutions (compared with A/T gains) (Supplementary Table 3 ) exacerbating the complexity of the effect of GþC SINE insertions 14, 15 . To better understand more recent small-scale changes leading to the current human sequence, we compared chromosome 12 to the available orthologous regions of the chimpanzee and rhesus macaque genomes. Although neither nonhuman assembly represents a 'deep draft' , high sequence identity enabled alignment of about 87% of the human chromosome to both nonhuman primates. The availability of two additional primate genomes allowed reconstruction of the ancestral hominoid genome from the three-way alignment. Human-and chimpanzee-specific evolutionary changes, listed in Table 1 , were defined by differences in each species compared with the ancestral hominoid.
Previous comparisons of substitution rates per year in neutral sites between human, rat and mouse 14 revealed a lower rate in the lineage from the human-rodent ancestor to human (1.73 £ 10 29 ) compared with the rate from the human-rodent ancestor to rat (4.95 £ 10 29 ) and mouse (4.84 £ 10 29 ). Other findings indicate hominoid substitution rates are lower than the rates in Old World monkeys and in other eutherian mammals [16] [17] [18] . Our analysis reveals further slow down in the branch from the hominoid ancestor to human The pattern of insertion-deletions (indels) in human chromosome 12 relative to the hominoid ancestor is summarized in Table 2 . Microsatellite expansion events, predominantly A/T mononucleotide and CA dinucleotide expansions, comprise 19% of insertion events in the 1-100-bp range. Trinucleotide expansions are more common in coding (1.62 per million base pairs (Mbp)) than noncoding regions (0.727 per Mbp). Comparisons of insertions in the 101-8,000-bp range to the "Retroposed Genes" track of the University of California at Santa Cruz (UCSC) Genome Browser (http://genome.ucsc.edu/; ref. 19 ) revealed 12 human-specific pseudogenes. Comparisons to known segmental duplications 20 revealed nine human-specific duplications. Human-specific retrotransposon insertions in the 101-8,000-bp size range are classified by type in Table 3 . Consistent with previous results 21 , SINE insertion rates in the human lineage are twofold higher than in the chimpanzee lineage. All retrotransposon insertions were intergenic or intronic, except for an AluY insertion in the 3 0 untranslated region (UTR) of RAB21, a member of the RAS oncogene family. The overall ratio of inserted to deleted base pairs was 1.67, lengthening the human chromosome by 2.69% relative to the ancestral hominoid and consistent with previously detected evolutionary increases in the size of the human genome 22 . Chromosome 12 is rich in disease-associated loci, and a total of 487 disease genes have been assigned to this chromosome 2 , accounting for 5.2% of all disease genes. In Supplementary Tables 4 and 5 , we present the most cited genes on chromosome 12 together with the medically relevant genes sorted by function, respectively.
With regard to disease, chromosome 12 is best known for its links with cancer. Three genes mapping to the chromosome have been associated with cancer-related chromosome translocations. The most prominent of these is the ETV6 (TEL1) gene at 12p13, encoding an ETS-like transcription factor, which has a central role in haematopoietic malignancies including acute lymphoblastic leukaemia (ALL), acute myeloblastic leukaemia (AML) and myelodysplastic syndromes (MDS). Furthermore, 5% of children with ALL have 12p13-p12 deletions 23 . The other two genes on this chromosome involved in oncogenic gene fusions are DDIT3 (or CHOP; 12q13.1), often rearranged in myxoid liposarcoma, and HMGA2 (12q15), which has been found fused to various genes in lipoma, salivary adenoma, uterine leiomyoma and multiple lipomatosis. In addition, several genes mapped to this chromosome have been directly or indirectly associated with cancer, including BCL7A (12q24.13) in B-cell non-Hodgkin lymphoma, P2RX7 (12q24) in susceptibility to chronic lymphatic leukaemia (CLL), YEATS4 (12q13-q15) in glioma, CDK4 (12q14) in melanoma, ACVR1B (12q13) in pancreatic cancer, and KRAS (12p12.1) in colorectal adenoma.
There are 16 genes associated with movement disorders mapped to chromosome 12, as well as two diabetes-related genes, genes associated with four separate mood disorders, and four genes involved in heart disease. Of the 28 members of the keratin gene family mapped to this chromosome, 12 have been linked to skin and hair disorders. Chromosome 12 also harbours the human CD4 locus, which encodes the main receptor for the human immunodeficiency virus, at 12p3.1. This locus is within one of the most dense gene clusters in the genome, and has been the focus of many functional and population genetic studies 24 . A primary goal in generating a high quality, finished reference sequence for chromosome 12 is to provide the research community with the resources to accelerate the search for additional diseasecausing genes. As an example, Li and co-workers 25 were recently able to demonstrate an association between sequence variants of the GAPDH gene on chromosome 12 and late-onset Alzheimer's disease (LOAD).
The finished sequence of chromosome 12 reported here marks the beginning of more extensive studies aimed at understanding our evolutionary history, together with the variation in genome structure and sequence that defines us as individuals. Note added in proof: Recent data 31 showed that of the nine human chromosomes assayed, chromosome 12 demonstrated the greatest slow down in single nucleotide substitution rate.
METHODS
Mapping and sequencing. Gap closure, sequencing and finishing strategies, and clone integrity assays, are described in Supplementary Methods. BAC clone overlaps were verified by BLAST (http://www.ncbi.nlm.nih.gov/BLAST/) inhouse using a locally installed copy of the software, and polymorphic regions within overlaps were confirmed by polymerase chain reaction (PCR) using a bigender, multi-ethnic pool of genomic DNA isolated from eight individuals (J. Belmont, personal communication). Coverage, integrity and clone order were analysed using available genetic and radiation hybrid map markers (see Supplementary Methods and Supplementary Fig. 2 ). Additionally, we aligned the unique paired-end fosmid reads to the finished chromosome sequence, and concluded that the limited set of clustered size discrepancies reflected probable polymorphisms between clone libraries. The unique paired fosmid endsequence (Broad Institute) analysis was performed using sequences downloaded from the UCSC Genome Browser that were checked for both paired endsequence orientation and resulting insert size. Annotation. Manual curation identified each known gene, novel gene and novel transcript locus, defined as a set of one or more transcripts that share at least one exon of coding sequence (in frame) and supported by full-length and partial human or vertebrate cDNA sequences having a best-in-genome BLAST or blat (http://genome.ucsc.edu/cgi-bin/hgBlat) hit ($98% identity). All analyses were performed in-house using locally installed copies of the software. The cDNA/ RefSeq sequences were compared to the genomic sequence to place exons. All intron/exon splice sites for all predicted exons were examined for canonical splice motifs. Coding regions were examined for a best-fit open reading frame (ORF). The 5 0 and 3 0 UTRs were annotated and extended using available EST and cDNA evidence, and poly(A) sites and poly(A) signals were annotated on each gene where identified. Alternative splice variants were identified from cDNA, EST and protein evidence. The translation product for each coding sequence was verified using Swissprot. Pseudogenes were defined as sequences with no direct evidence for expression but that match with a high score to a spliced messenger RNA or spliced EST from elsewhere in the genome. This is a more stringent definition than has been applied by others in broad genomic screens of pseudogenes, and results in a fivefold-lower count across chromosome 12 than previously reported 26 . For paralogue analysis, protein sequences corresponding to the 'known genes' track of the UCSC Genome Browser 27 were compared in an all-against-all BLAST search. Two loci were defined as paralogues if there was a match of any of their transcript variants with the following criteria: expect value cutoff of 10 210 or less, the lengths of the matching transcripts were within 20% of each other, and the match length extended over 70% of the average length of the two sequences. The complete set of annotations has been submitted to the Vega database (http://vega.sanger.ac.uk/Homo_Sapiens/). Landscape features. For CpG analysis, a CpG island has been defined as an expanse of .200 nucleotides in which the GþC content is greater than 50% and the ratio of observed CG dinucleotides to expected in the segment is .0.6. We developed databases of known microRNAs, small nuclear (sn) RNAs and small nucleolar (sno) RNAs, and used tRNAscan-SE v.1.23 (http://www.genetics. wustl.edu/eddy/tRNAscan-SE; installed locally) and BLAST to search for noncoding RNA sequences. We identified recent intra-and interchromosomal segmental duplications by BLAST searching the repeat-masked chromosome sequence against itself and the rest of the human genome. The duplication densities were calculated by averaging the duplications of each base over nonoverlapping 100-kb windows after filtering low identity matches (,90%). The densities of SINEs, LINEs and long terminal repeats (LTRs) were calculated from repeat-masked data using 100-kb windows. The GþC density was calculated by counting the GþC content over nonoverlapping 100-kb windows. The densities of CpG islands (UCSC), genes (Baylor College of Medicine Human Genome Sequencing Center annotations), and pseudogenes (as defined above) were counted and displayed using 1-Mb windows. Markers were placed on the genomic sequence using a combination of locally installed e-PCR (http:// www.ncbi.nlm.nih.gov/sutils/e-pcr/) and BLAST software packages. Comparative analysis. The multiple alignments of human, chimp (panTro1), dog (canFam1), mouse (mm5), rat (rn3), chicken (galGal2), zebrafish (danRer1) and fugu (fr1) were downloaded from the UCSC Genome Browser (http:// hgdownload.cse.ucsc.edu/; May 2004/hg17-Build35). The pairwise synteny blocks between human and other species were parsed out with Synteny-Parser (X. Song & G. Weinstock, unpublished perl script), which was tuned to include all visible chromosome rearrangements in the dot plot. Rhesus scaffolds from the Mmul_0.1 preliminary assembly were mapped to human using Pash 28 . Rhesus scaffolds that mapped to human chromosome 12 by both Pash and the humanrhesus Alignment Net (UCSC) were aligned with orthologous human regions and chimpanzee regions from the Human-Chimpanzee Reciprocal-Best Chain alignments (UCSC) using MLAGAN 29 .
